1999), S. pimpinellifolium (Pratta et al., 1997) , S. chilense (Takashina et al., 1998) , and S. chesmanii (Arrillaga et al., 2001 ) from different type of explants (cotyledonary, leaves, or roots). Plant regeneration via shoot organogenesis on decapitated seedlings was also studied in tomato plants and the related species S. cheesmanii, S. chilense, S. chmielewskii, S. hirsutum, S. parviflorum C.M.Rick, Kesicki, Fobes and M.Hole (currently S. neorickii), S. peruvianum s.l., and S. pimpinellifolium (Steinitz et al., 2006) . In these studies, a great influence of genotype and intra-and interspecific variability of regeneration have been described. In general, high regeneration was observed in the wild species and recalcitrance in some tomato cultivars (Bhatia et al., 2004) and in S. pimpinelifollium (Marchionni et al., 2007) . The presence of a gene (Rg-1) that confers great regenerative capacity was described in S. peruvianum s.l. (Koornneef et al., 1993) . Putative alleles of these genes were found in S. chilense (Satoh et al., 2000) and S. pennellii (Trujillo-Moya et al., 2011) . Moreover, several QTLs for organogenic capacity were located in tomato (Trujillo-Moya et al., 2011) , indicating that regeneration depends on several genes.
There is no information about in vitro regeneration in the 4 species segregated from the S. peruvianum s.l. complex: S. arcanum, S. huaylasense, S. corneliomulleri, and S. peruvianum s.str.. Thus, the aim of this study was to test the organogenic ability in accessions of interest that belong to these 4 species. For this purpose, we compared the organogenic capacity of 2 explant types in 2 organogenic-inducing culture media as well as the respective correlations with leaf morphology, which differs among these species.
Materials and methods

Plant material and growth conditions
We studied 16 accessions of 4 species (S. peruvianum s.str., S. corneliomulleri, S. arcanum, and S. huaylasense) that belong to the highly variable S. peruvianum s.l. complex (Table 1 ). All these accessions were supplied by Instituto de Conservación y Mejora de la Agrodiversidad Valenciana (COMAV, Universitat Politècnica de València, Spain). Ten of these accessions were classified by Zuriaga et al. (2009) using morphological and molecular data (S. huaylasense , S. corneliomulleri (T-040), S. arcanum (ECU-777, ECU-783, LA-2185) , and S. peruvianum . The other 6 accessions (S. huaylasense (PE-27), S. corneliomulleri (PER-584, PER-586, PER-592) and S. arcanum (ECU-766, ECU-775) were classified just using the morphological data gathered in situ. The geographic areas of these accessions are shown in Figure 1 .
Seeds were sterilized by immersion in a solution of 25% commercial bleach (40 g/L active chlorine) for 10 min, being then washed twice with sterile deionized water for 5 min each and then sown in petri dishes containing basal medium (BM:MS salts (Murashige and Skoog, 1962) including vitamins (DUCHEFA, the Netherlands), 1.5% sucrose and 7 g/L plant agar). The pH of the media was adjusted to 5.8 before sterilization at 121 °C for 20 min. Cultures were incubated in a growth chamber at 26 ± 2 °C under a 16-h photoperiod with cool white light provided by Sylvania cool white F37T8/CW fluorescent lamps (90 µmol m -2 s -1
). Plants were maintained in vitro in tubes with BM. Every 3-4 weeks, plants were transferred to fresh medium. For each genotype, a population of 12 to 34 plants was established and used in our assays.
Evaluation of regeneration capacity
The evaluation was performed using root explants (0.5 cm in length; not including apical meristem) and leaf disks (0.6-0.8 cm 2 ) obtained from in vitro cultured plants at a similar growing stage. In each accession, leaf disks were obtained from leaves at the fourth and fifth position from the apex and cutting the extreme of each leaflet (Figure 2 ).
Explants were cultured onto 2 shoot induction media (SIM): SIM-1, containing MS salts including Nitch vitamins (DUCHEFA, the Netherlands), 3% sucrose, 7% plant agar, and 0.5 mg/L zeatin riboside; and SIM-2, which is similar to SIM-1 but supplemented with 0.2 mg/L indole-3-acetic acid. Leaf disks were placed with the abaxial side in contact with the SIM. Growth regulators were sterilized by filtration and added to the sterile SIM. For each accession, 5 explants per plate (90 × 25 mm with 40 mL of medium per plate) and 10 repetitions per accession were evaluated. After 35 days of culture on SIM, the following variables were analyzed:
• Bud percentage (B): number of explants with buds × 100/total number of cultured explants.
• Regeneration percentage (R): number of cultures that differentiated into completely developed shoots × 100/ total number of cultured explants.
• Productivity rate (PR): total number of completely developed shoots/total number of cultured explants that regenerated plants.
• Yield (Y): number of regenerated shoots/total number of cultured explants.
Evaluation of leaf shape
The number of leaflets (LN) in the fourth and fifth leaves was counted for each genotype. Leaflet area (LA) of the distal leaflet in these leaves was calculated. An index for leaflet margin dentation (LD) was also assigned: from 1 (low margin dentation) to 5 (high margin dentation). Duplicate measures were taken in 5 plants of each accession.
Experimental design and statistical analysis
Least squares data analyses were performed on the regeneration capacity traits with the fixed effects of the species (S. arcanum, S. corneliomulleri, S. huaylasense, and S. peruvianum s.str.), the accession (16 levels and nested to the species effect), the medium (2 levels: SIM-1 and SIM-2), and the tissue (2 levels: leaf and root). The accession was nested to the species since the levels of one factor (accession) only make sense within the level of another factor (species). The leaf shape traits were analyzed with a mixed model that included a fixed effect of the species and accession (with the same levels described above) and a random effect of the measure. In the fixed effect analysis, we assume that the true effect size is the same in all studies, and the summary effect is our estimate of this common effect size. In the random effect analysis, we assume that the true effect size varies from one study to the next, and that the studies in our analysis represent a random sample of effect sizes that could have been observed. The summary effect is our estimate of the mean of these effects. For these reasons, the species and the accession effects were considered as fixed effects and the measure was considered as random effect. Correlations among regeneration and leaf shape traits and within them were analyzed excluding the main effects.
Results
Leaf morphology
Leaves with several leaflets, which differ in size and margin dentation, were observed in the accessions (Figure 2 ). There was a difference in the number of leaflets (LN) among the 4 species (Table 2); S. arcanum showed the lowest LN (with a mean of around 5 leaflets) and S. corneliomulleri showed the highest LN (with a mean higher than 8 leaflets). Leaflet area (LA) did not differ among S. corneliomulleri, S. peruvianum s.str., and S. huaylasense. These 3 species had lower LA than S. arcanum. Leaflet margin dentation Zuriaga et al. (2009) . PER (Peru), CHL (Chile), and ECU (Ecuador).
(LD) showed the same pattern as number of leaflets; dentate margins increase successively (from 1.20 to 2.93) in S. arcanum, S. peruvianum s.str., S. huaylasense, and S. corneliomulleri ( Figure 2 ; Table 2 ). Intraspecific variability is also showed for leaf morphology traits ( Figure 3 ). The accession PER-592 had the highest number of leaflets (with a mean of 10.72) and margin dentation (with a mean of 4.50), whereas the accession LA-2185 had the highest leaflet area (with a mean of 1.82). Moreover, differences among accessions in S. huaylasense and S. corneliomulleri were found for the number of leaflets. Intraspecific differences were also found for leaflet area in S. huaylasense and S. arcanum. Finally, differences among accessions in all the species were found for leaflet margin dentation. There was a positive correlation between NL and LD (0.54; Table 3 ). However, there were negative correlations among these traits and LA (-0.53 and -0.29, respectively).
Organogenesis
Intra-and interspecific variability in the organogenesis response was obtained from in vitro cultured explants (Tables 4 and 5; Figure 4 ).
The percentage of explants with buds (B) was higher in S. corneliomulleri (88.04%) than in the other species (from 63.82% to 78.11%; Table 4 ). Solanum arcanum and S. peruvianum s.str. showed the lowest B value. All the accessions were able to induce buds from leaf and root explants in both media (SIM-1 and SIM-2) except accession ECU-106, which only regenerated from leaf segments (Table 5) . LA-2185 (S. arcanum) and ECU-106 (S. peruvianum s.str.) accessions showed the lowest B ( Figure 4A ). For this parameter, no or low differences among accessions were found in S. corneliomulleri and S. huaylasense, respectively.
The development of buds into shoots was measured as R (regeneration percentage). Solanum huaylasense and S. corneliomulleri showed similar R values (51.69% and 46.70%, respectively) and both showed higher R values than S. arcanum (35.15%; Table 4 ). Variability among accessions for this trait was found in the 4 species. The lowest R value (around 10%) were obtained in accessions LA-2185 and ECU-106 of S. arcanum and S. peruvianum s.str., respectively, as occurred for the percentage of explants with buds ( Figure 4B ). The accession PER-412 of S. peruvianum s.str. showed the highest R (82.43%) and R values higher than 50% were obtained in PE-20 and PER-592 of S. huaylasense and S. corneliomulleri, respectively.
For productivity rate (PR) intra-and interspecific variability was also observed. For instance, S. huaylasense and S. corneliomulleri showed higher PR than S. arcanum and S. peruvianum s.str. (Table 4) . Differences among accessions appeared in all species ( Figure 4C ). For example, in S. huaylasense, accession PE-20, which had the highest PR (with a mean of 8.10), differed from the other accessions , showing less than 7.
Plant regeneration per total explant considered as yield (Y) differed among species and accessions. Solanum huaylasense showed similar Y to S. corneliomulleri and both species showed higher Y values than S. arcanum (Table 4) . Accession PE-20 of S. huaylasense showed the highest Y (with a mean of 7.95; Figure 4D Differences between root and leaf explants as well as between SIM media (Table 4) were also observed; the organogenesis response was higher in leaf explants than in roots in all traits (89.74% vs. 57.71% for B, 64.51% vs. 23.37% for R, 4.94 vs. 2.51 for PR, and 4.20 vs. 0.74 for Y), whereas SIM-1 showed higher percentages of explants with buds (80.12%) and shoots (49.57%) than SIM-2 (67.33% and 38.31%, respectively).
Positive correlations among organogenic traits were found except for B and PR, where no correlation was obtained (Table 6) . A high correlation (0.92) was observed between PR and Y.
Correlations among leaf morphology traits (LN, LA, and LD) and organogenic traits (B, R, PR, and Y) were also estimated (Table 7) . There were positive correlations among LN and organogenic traits. Positive correlations were also found among LD and organogenic traits. However, negative correlations were found among LA and organogenic traits. All the correlations showed intermediate values. 
str.). A-number of leaflets (LN), B-leaflet area (LA), and C-leaflet margin dentation (LD).
Discussion
Leaf morphology
Several traits related to leaves are commonly used in taxonomic classification Jiang et al., 2013) . In our assay, we showed interspecific and intraspecific variability for leaf morphology and the species can be differentiated by number of leaflets or by leaflet margin dentation. However, leaflet area only separated S. arcanum from the other species. A putative explanation is that this trait may differ depending on culture conditions (in vitro vs. field). Pubescence, also used in tomato classification , was not useful for differentiating species in plants cultured in vitro, although differences were evident in greenhouse conditions (data not shown). Some of the accessions used in our study were analyzed at molecular level using AFLP and 2 nuclear gene sequences and S. arcanum was separated from the other species included in the S. peruvianum s.l. complex (Zuriaga et al., 2009) as occurred with leaflet area in plants cultured in vitro (LA: 1.15 in S. arcanum vs. 0.55 approx. in the rest of the species). Among S. peruvianum s.str. accessions, differences in leaflet margin dentation were found, whereas similar values were obtained for the other traits despite these accessions coming from different countries. Leaflet area and leaflet margin dentation were similar (around 1.0) in S. arcanum accessions collected at a similar zone (ECU-766, ECU-775, ECU-777, and ECU-783; Figure 1 ), whereas accession LA-2185, collected further north, showed large and high values (both around 1.8). In S. huaylasense, differences in all leaf morphology traits were found despite accessions being collected in the same region. Similar results were obtained for S. corneliomulleri accessions.
Organogenesis
Organogenesis was assayed in leaf and root explants cultured on SIM-1 and SIM-2. These explants were chosen because root segments are commonly used as explants for regeneration in S. peruvianum s.l. (Parker-Norton and Boll, 1954; Koornneef et al., 1993; Peres et al., 2001) , whereas leaf explants are used for tomato plants (Kut and Evans, 1982; Ruf et al., 2001; Khoudi et al., 2009; Trujillo-Moya et al., 2011; Trujillo-Moya and Gisbert, 2012) and other related wild species (Gisbert et al., 1999; Arrillaga et al., 2001) . Regarding shoot induction media, we used SIM-1, which is commonly used in our research group to induce organogenesis in both tomato and S. pennellii (TrujilloMoya et al., 2011; Trujillo-Moya and Gisbert, 2012) , and SIM-2, which is similar to SIM-1 but also contains the auxin indole-3-acetic acid. The combination of auxin and cytokinin was reported as favorable for regeneration in some tomato accessions (Bhatia et al., 2004; Devi et al., 2008) .
Taking into account the results observed in the regeneration traits used for quantifying regeneration ability, we conclude that SIM-1 was better than SIM-2 for the percentages of explants with buds and shoots, whereas similar results were obtained for productivity rate and yield (Tables 4 and 5 ). Regeneration from roots was achieved in all accessions with the exception of accession ECU-106 of S. peruvianum s.str. (Table 5 ). Although regeneration in S. peruvianum s.l. was reported from root explants (ParkerNorton and Boll, 1954; Koornneef et al., 1993; Peres et al., 2001), in our assays leaf explants had higher regeneration capacity (B, R, PR, and Y) than roots. High regeneration yield was obtained in S. huaylasense (3.86) and S. corneliomulleri (3.03) as is reported for other wild tomato species like S. pennellii (Trujillo-Moya et al., 2011; Trujillo-Moya and Gisbert, 2012) and S. cheesmanii (Arrillaga et al., 2001) . However, lower values were obtained in S. arcanum (1.67) and S. peruvianum (1.35; Table 4 ). Productivity rate values in S. peruvianum s.str. (2.46) were similar to the values reported by Steinitz et al. (2006) and lower than those obtained by Peres et al. (2001) in S. peruvianum var. humifusum (currently S. arcanum). Although high regeneration ability was described in the S. peruvianum s.l. complex, where the high regeneration gene Rg-1 was found (Koornneef et al., 1993) , we classified as recalcitrant 2 of 3 S. peruvianum s.str. accessions: ECU-106 and CH-20. In all the species, the percentage of explants with buds was higher than the percentage of explants with shoots, which indicates that not all the buds are able to develop onto plants. Lack of bud development is commonly observed in explants of tomato and wild related species (Pratta et al., 1997; Steinitz et al., 2006) . More similar regeneration behavior was observed in S. arcanum accessions collected in a proximate area compared with the accession LA-2185 collected in another region (Figure 1 ; Table 1 ). Similar results were also observed in S. corneliomulleri . However, in S. huaylasense, accessions collected in the same region showed differences in terms of regeneration.
Correlations among leaf parameters (LN, LA, LD) showed a moderate correlation between LD and NL. For regeneration traits (B, R, PR, Y), a correlation between B and R was expected as buds are needed to develop plants. However, no relationship was obtained when comparing B and PR as not all the buds develop into shoots. High correlations were obtained among R, PR, and Y. This indicated that, in these accessions, the regeneration response is more uniform because a high number of explants with buds develop into plants. Finally, as leaf traits can be related to physiological characteristics (Kumar et al., 2012) we studied correlations between leaf and regeneration parameters. The results indicate that explants from leaves with high amounts of leaflets had high regeneration rates. A similar relationship was observed with LD and regeneration traits, whereas leaves with high area had a low response. Cytokinin regulates flexible leaf patterning by dynamic interaction with additional hormones and transcription factors (Shani et al., 2010) . As the organogenic response may be influenced by endogenous hormones, our results could be related to a high endogenous cytokinin concentration in small and more dentate leaf explants. In conclusion, we observed differences for leaf morphology and regeneration capacity among accessions of the 4 Solanum tested species; S. arcanum, S. corneliomulleri, S. huaylasense, and S. peruvianum s.str.. In plants cultured in vitro, the species can be differentiated by the number or the dentate shape of leaflets. However, leaf area only separated S. arcanum from the other species. Regarding regeneration, accession LA-2185 of S. arcanum and accessions ECU-106 and CH-20 of S. peruvianum s.str. can be considered low regenerating, whereas the remaining accessions had a good and high regeneration capacity. Although the 4 species are able to regenerate from root explants, we found leaf explants to be better for in vitro regeneration. Better results were also obtained in the organogenic medium SIM-1 with respect to SIM-2. Explants from leaves with a high amount and more dentate leaflets had higher regeneration.
